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ABSTRACT

In pasiive solar Meating of bufldings or in coe-
partmert fires, we are concerhed with the develepment
of therma! stratification when two roems at differemt
tenperatures are connected by the spend of a door.
W2 Mave perfermed experiments an” mmmerical calcula-
tions afmed at thi: application. The experiments
consigt of flew vigwmlization and temperature
asasurements ehtaines when 19¢lated halves of a tamk
contatning water st Wwe ¢ifferent temperatures are
fuddenly comnectad % 0Vlew flow butssch the 3enes.
Twe significont findings frem this work ore: 1) te
presencs of (nterma) wawey excited by the onset of
n-mhmmnmmmn boen
observed ia past Igheratsry esperimgnts, ) the
oquilikretion tium s found to be In mn! sgreemsnt
with that predicted by & Tormaula frem ¢ timple orifice
acdel that we describe. Werk 13 pregressing em
seerics) stewlations wsi e core stratification

wede)3 commected orifice Iaclyding entraimment
1nu-mm~:dmmm bt

NOMENCLATURE

glanfeorn sres of & reea, o

toorway wisth, @

accoleration of rtvity. o/s?

halt of 'M

:fouuu of m ine metsured frea mié-height

dioension nl thereee '
velumetric flew rate,
time, s

dimensionless tise, t/¢
horizents) cﬂaut of veloctity, W

vertical esordisate medcwred Pren mid-height of

position, M /h
)

doorway, @
density, kg/
tim constant defined oy Lo, (8)

- 9

Subscripts

avg average
¢ cold room
h  hot room

INTROOUCT TON

Sufldings are complex partially divided enclosures
where the flow of fluid ond heat (heating end air-
conditioning) 15 o mjer concern. In passive-solar
hoated or cooled structures, omd In compartment fires,
one 13 concerned with al) aspects of flow and eneryy
tronspert arising frem natura) convection, and there
has boen considersble wark reperted 1in recent years,
The pastive selar pregram of the U.S5. Ospartment of
Crergy Mas funded o wariety of Investigations
including full-scale tasting of actual heuses {Batcemd
ond ¥ 1. 1982, =:: et a1, 1904; Dalcemb and
m. 1988), comstruction and eperation of full-scale
s ated houting (H11) et al. 1988; Katwmji ot o,
1908), wede) enperiments using water (Henstee)l oM
Oreif, 1001; Kirkpatrick ond Dohn, 190); Nanstee! and
Sreif, 1904; Kirtpatrick ond Oohn, 1905; Anderson et
al. 1988) and Freen (Yameguchi, uu). and mymerical
sisulations (Boumen et al. 1900; QGadgf) et a1, 1904;
Jenes ot al. 190%a). Fer the mest part, these
programs emphis i nuq flows, ond In fm on of
the major 1oms ourﬂmul x.e
comtruct o uuwﬂuntmmm lmt
e Nt the trantient pasees @quickly. Cver 90,
:ru : m . weue) requiremsnt fer the nulmt

" mHu. anet practica) systems are contin-

vl ond " would seen apprepriste
:ivm‘uunm\ W twportant Pestures of

!h transient. Of couwrse, aany have carried out
transiont studies: amalytical (Saskwra! and Matsude,
l’n{ Jischire ond Doty, 1973), numerical enperiments
(Gallegher ot 01, 1974; Patterson end imberger, 1900,



Lee snd Korpels, 1983; HMan, 1984; Myun, 1985), and
laboratory experiments (Yewell et al. 1982; Hamblin
and Ivey, 1983; lvey, 1904). But these are all for
undivided enclosures (1.e. o single room) where the
vall boundary layers are the driving mechanisa.

The work described he~e¢ 13 concerned with the
transient flow through a doorway comanecting two rooms
of an enclosure, the rooms befng Initially at dif-
ferent temperatures. The experiment .3 carried out in
a small water tank, and the transient occurs in about
100 seconds. The flow fs driven by the hydrostatic
pressure grelient resulting from the difference in
water dentity between the rooms, and one of the major
objectives in running the experiment was to determine
whether the doorway velocity distribution of Brown and
Solvason (1962) would adequately describe the tran-
sient doorway flow. Ffurthermore, it is a simple
experiment and may provide an effective test for the
validation of computer programs.

DESCRIPTION OF THE EXPERIMENT

A rectangular, glass esquarium (nominally 50 om
long, 23.5 cm wide and 29 cm high) {3 divided into two
equal rooms by s plexiglass dividing-wall (see Figure
1). A 4,0-cm-wide x 20.1-cm-high doorway {s centered

™.

!
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Fig. 1 Schematic of enclosure show! theraocewp e
tocations and door of height 2 h = 22.] cm and of
width b = 4 cm (¢rawn approximately to scale).

in the “"“1 wall with threshold 1 o sbove the
tank floor. ach room has a vertica) rave of ¢
copper-constantan thermcouples lecated as showm n

‘based on the 1nitia)l tewperature

Figure 1. Each thermocouple wis calibrated to within
t0.1°C. The doorway opening {s cuvered with a
J-mm-thick plexiglass plate which slides vertically

through a tlft in the cover plate. No 1nsulation Iis
required for the system, since the time constant for
heat loss to the surroundings s over an hour, whereas
the entire experiment runs in sbout 4 ninutes. The
outside surfaces of the tank are, in effect,
{nsulated.

The tank i3 filled with water to 1.0 c» above the
top of tne doorway, leaving a 1.0-cm afr gap below the
cover plate. About 1.5 liters of water {5 removed
from the left side, heated to about 95°C, and then
poured back with vigorous stirring to produce a
uniform temperature. The fluid motion s damped with
4 Jrics broom, the top i3 set in place, thermocoupls
rakes installed, data logger started, and then the
door {x cently removed. The elapsed time from pouring
the hot water to opeaing ‘he door is sbout 2 minutes.

RESULTS FROM THE EXPERIMENT

Temperatures are loyged 4. 5 second intervals, and
the results for a single test are plotted in Fiqure 2.
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experivent. Thermocouple numbers are given with each
curve (see Fig. 1 for their locations).

Wote that thermocouples | to 6 in the cold tank were
inftially at 24.6°C to 24.0°C and numbers 11 to 16 in
the hot tank were inftfally at 31.6°C to 31.8°C. The
adient temporature wai 23.9°C. AL time of xero the
door 13 opered, «nd & counterflow developt immediately
(sbserved visually by means of muiticclored dyes as
gescribed below) with flow from hot to cold in the
wper M1f of the doorway, and from cold to Mot in the
Tower half, Tha Mot water flow rises to the top of
the cold side, and at 7 seconds the r thermocousle
on the cold side /number 6) responds with a swdden
rise in tewmpersture. At 7 seconds the lowest
thermocouple on the hot side (number 11) responds with
o sudden in temperature. These thermoccuples
experience wide gyratiuns {n temperature resuiting
frem interna) waves excited by the rapid onset of
flow. The waves are obra-ved visually as discussed
below. Such waves are evident In al) of the curves,
and have & frequency renjing from 0.N% to 0.1 hert:,
This compares with a buoyancy fr ncy of 0.045 Ny
{fference ond the



doorway height. Thy thermocowples in
succession as they are engulfed by the 1nnow1ng
fluid, and after 200 seconds the tank gpproaches a
state of stratification that is the same {n both
rooss . The development of the stratification
temperature distribution 13 also shown {n Figure 3
where wa note that the cold room thermocouple rake f{s
sbout 3 ma lower tham in the hot room.

241 s /
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Fig. 3 Develepment of the stratification temperature
distribution. Net reea shewm fn 0olid Yinen ond Cold
room shown by dashed Vimnes. Thersecewple data s
indicated by ¢ ¢ot. Tims (in seconds) 1s indicated to
the left of oach curve. Bottam of door 15 etma. Tep
of door 15 22.1 cm, and tee of tank 15 28.72 om.

The contrea) thermecouwple pafrs () and 1), and ¢
and 14) overshest their equilidrium values creesing
oach other at 72 and 00 seconds respectively. Thia
indicates that the inertia of the desrway fiew cowpled
with the capecitance of the lquid sterage in each
n-nulu 1n 0 very low frequency ond Mighly demped
"sloshing mede” with 2 nrln of over 100 m
This overshest 15 alse tn ﬂ‘:c :‘

rl: the we urves min e tine

A SINPLE WODEL

Although the predien mey be s0lved wsing mumerice!
otheds, ¢ sipler 9 estiLate devalepment of
the ﬂw fs & ard the het and ovld fluids o
sonmizing, ond the sede) of Drowm and Selvesen
(1962) hr e wilsgity ¢lstridution in the m
The aode! cotumes that the velecity 12 fndused Wy o
horizontal pressure ¢ifference acreis We Gervey
resuiting frem the ¢ffferemee 0 vertically integrated
fNuld dmiy ’nﬂlu in th e reems. The
horizenta) 'rnm s gzers at twe
wid-height e m. nd wries Vinserly with
distanee meeswred vertically fram the deerway conter,

/ I
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Application of an {nviscid orifice equation produces a
verifcal distribution of horfzental velocity that
varies as the square root of distance from the doorway
center. With the hot room placed on the left, the
flow tn the doorway upper-half is to the right, and to
the left 1n the lower-half as {1lustrated in Figure 4.
We need consider only the uprer-half, for which the
velocity distribution is

vellz gy o, -op)iog) (1)
HOT
\ HOT
'
: 1
! n oy n,
§ S N =

CoLD

Fig. 4 Schematic elevation view for the mode) of
exchange through a doorway assuming mo mixing,

Although this {s. strictly s hydrostatic model,
which takes no account of the actus) flow, ft has
proved to be quite satisfactory for quasi-steady.
high-Raylefgh-number flows (Balcomb et al. 1984).
Howsver, 1ts accuracy in transient flows has not been
sebstantisted. An analogous sftuation is the appli-
cation of Torreccelli's equation for steady flow
through an orifice to the transient emplying of a

which {3 well known to yfeld accurate msults.

M e ol and hot fiulde were memmisible,  ihe
kot flow from the left would remain at constant
temperature and would rise o the tep of the right-
hand roem forming a Mt layer which grews dowmward
frem the water surface (» sivilar celd layer weuld
form on the fleer of the hot reem ond develep wpwerd).
As the thermecline descends in the cold reem (and
rises fn the hot reem), the pressure d&ifference {3
sedified, end 50 18 the velecity dfstribution.
Losking enly at the cold reem, whers the thermocline
fs located at h (see Figuwre &), the velocity
distribut’on in the dosrway wpeer—half {s:

ve /{2 gy v, - ’u""m) for O
ve /{2y me,

(2)

sy
- ohm” ) for b1 <y

h
i
The tota) volume flow rats frem the Mot to the cold
recm {s ocbtained by integration frem y = 0 to h with
the result that
Qebh-mA) AT H To, - oﬂfp"') (3)

where b 11 the deorway width. The thermocline moves
wvertically with a velecity given by

‘II" L] 'Q,‘ (4)

where A 12 the planfern ares of cach rom. By vse of
€q. (), this con be expressed in nermalized form as

o/dtr = (N3 - 1) A (8)




where the variables are defined as follows:
t R t/r, H®"Mm/h

1 (6)
t & (A/b) {2 ¢ n (e, -PpylP

avg

For the conditions of our experiment, we have

A=SHM.8ced, Dudcm, h=11.04 cm

P, * 997.13 kg/cmd, o, = 995.12 kg/cm’

yielding « = 22.8 seconds. The densit{ values are
taken from Weast (1986). The initial value for h, {s
12.04 om in the cold room, sfnce the tank fs filled to
lcnubovemtopofthedoomy Thus, H(O) t H
fs 1.09. Eq. (5) is integrated analytically and H 1§
written as an 1mplicit function of t*.

te -1n([1+/!7H'][1-f!7W]/[(1-/37_)
(1 + -/37')]) 4] (7)
Equation (7) was solved for the time history of H in

the 2o0ld room and the results are tabulated fin the
Table 1.

Time, t (3.) r't'm

5 0.944
10 0.799
15 0.65?
20 0.52]
25 0.39%
3 0.282
kH 0.184
40 0.104
45 0.04¢
80 0.010
§5.1 0.000

Tadle 1. The time history of N frem £q. (7) for the
conditions fn the experiment.

Frem these results, we sots that N @oes wet reach 2ero
umiun bt at & ‘!ﬂ"h tim which fer this
~ase s ¢ s ) o W(4.008) " = 2.42 m determined
tree Eq. (7 In this regard 1t is such like the
emptying of o tamk e erifice; a sitwation
that alse nuln in a finite cptying tine. The time
required for the thermecline %o mowe frm an inftial
position N(0) to the Goorway widheight 3 an
oquiltprotion timg which frem [q. (7) 1s

t*(Nad) = 1n ([/m; ¢+ 117 ( /!J'M:- 1])"; (o)

Cquation (J) 1s pletted 1n Figure 8. Mile this s
uﬂeﬂ! n": for H_ < 3, the mantom value of N fr-
which Bq. (6) appfes will e ssaller than %A
because of entrainment above the deorvay a9 md helew
1ts Yower silN,

DICUSSION OF ICBATS

The sost striting feature of Whe @ats presented in
Figuras 2 ond 3 s th presence of faterna?! weves
which ore extited by the Uudten entet of fiew Sweugh
i doorvay. Thetr frequency 13 cleme G the Jwmyency
froquency. They wre mt quickly 0-“ ut gurvive
for 10 cycles. To render these waves visidle,
nsiticeler ¢ wre intrefuced just prier W epuning
the dew'. dyss were poured, érep by érep, fran a

Equitibration Time. t*(H = 0)

2 . A n

! 18 2 28 3
Initiel Height, H(1*=0)

Fig. 5 Equilibration time, t*(H=0), as a fun.tion of
:?E)dinnﬂonlou initial height of the thermucline,

height of 5 cm above the water surface. Each dro
groducod o shower o7 descending whisp-l1ike plumes muc
1ke an aerial firewo~ks dfsplay extending about 25 cm
below the surface. The individual! pluses retained
their separate identity for up to 10 minutes except in
regfons of turbulence or high entrainment. The threc
colors gave some depth discrimination. Mo photographs
were taken, but the otiervations can be summarized as
follovs. After opening the door, the flow was estab-
lishet within a couple of seconds, and the visible
action L«s most 1intense in the upper region of the
cold roon and the lower region of the hot room. It
appeared much l1ke waves breaking on a beach (of
course, we are spedking of inZernal waves - there was
"0 observed surface wave action). This intense wave
broaking Vnu (which some aight characterize as being
turbulent) swbsides 1n about 15 seconds to a more-
Teminar flow where adulations of the dye streaks show
the eoccurrence of 1ntermal waves at frequencies
consigtent with the temperature ¢ats of Figwe 2. The
ontraimaent of the cold fyid by the incoming hot flow
{(in the cold reem) o eluﬂ' evident as such of the
blue dye (which was centrally lecated in the cold
reec) was mwapt Wp with the het flow. $iaflarly, the
Mot fluid 1s entrained by the cold flow h the hot
roem. Tt flesm are three dimensiona) and complex,
m‘ n'ch oould b learned by a preper photographic
N s
och waves have net mermtlly been observed (n
Teberatory experimnts [.'one were seen in Yewel) ot
al. (1902), Memblin ond lvey (lﬂl). o lvey (l"l)]
bet they seen ever present the computational
ouorlmu (mmm et al, l"l. Patterson and
lmn l.ﬂ and Kerpela, 1903; Man, 1984;
ﬁl). vu {1004) raises the question as to
'th the wavetr are only a result of nemerical
instebilities, since o and ethers lesked for them in
vain under conditions that Patterson and Isberger
(1900) had tndicated that they shewld be feund. MNywn
u:ﬂ presents ovidenss that his waves did met result
aumerical enperiments. Out 1t seems possidle
thet the setwral convection m mor 1s seme-
tioes e e o disturbonce to encite these ’l
That was position of uum ond Matswde (1971
ond of Jlschke and Doty (1978) fa thlr analytica)
-nu. Thetr ftion 15 siaply based wpen the
mtmmr time for & boundary ! 1
'.{'l than the peried of the Orunt-Yaisals
Totien (easfly comenstrated by scdle m!nh).



So even {f the wall teaperatures can be changed
instantaneously, the boundary layer will stil) develop
its motion over a time longer than the fnternal wave
perfod. Furthermore, {f the core of the enclosure fis
initially of uniform temperature (as s the case 1in
w it of the works cited above), there is no potentfal
for the existence of waves in the core. It takes time
to develop the stratification temperature distribution
in the core. In the references cited above, the flows
were all driven by natural convection boundary layers
in undivided enclosures, a rather gentle disturbance.
The situation {s quite different in our experiment
where large quantities of fluid are exchanged rapidly
between the two rooms, and so 1t {s not surprising
that waver prove to be ¢ significant feature of the
flow.

We had expected less entrainment by the counter-
flowing streams, and a sharper thermocline. The
simple model presented above reflects that thinking.
But substantial flow entrainment {s evident from
visual observation of the dye plumes, and by the
behavior of the temperature profile; {n Figure 3. If
there had been no mixing, then the process would
result in the entire upper half of the enclosure being
hot, and the lower half to be cold (in both rooms),
So, what basis can there be for a comparison of the
simple model with the experiment?

First, one can state that the tabulated distri-
butions for H, given above, show a time dependence
that is fafrly close to what 1s observed, More
specifically, one can compare the total time duration
ef 55.1 seconds for the thaory with the experimental
crossover points at 72 and 69 jeconds for the central
thermocoupie pairs (3 and 13, and ¢ and 14) shown fIn
Figure J as mentioned above. Also, the {nftia}
velocity of the thermocline ({.e., dh)/dt) can be
computed from the mode! to be 0.32 cm/s; the msasured
values were sbout 0.4 cm/3 as determined from Figure 2
by ob-erving the inftial response of thermocouples S,
6. 11, and 12. So then 1t appears that a simple mode)
that {gnores internal wave phenomema and entraimment
does fairly well {n predicting the equilibration time
for the process.

CONCLUSIONS

We have perforned laboratory experiments and
numerical calculations to invertigate the development
of flow and thermal stratification in a partially
divided enclosire. The most striXing feature of the
datd {s the npresence of interna) waves which arc
excited by the sudden onset of flow through a smel)
opening in the partition.

The (nterna) waves are characterized by two dfs-
tinct phases: 1) a period of iIntense internal-wave
breaking lasting about 15 seconds into the emperiment,
and 2) a perfod of less-i7tense Yaminar-1ike fnternal
waive motfon Mhaving a fr cy ramging from 0.5 to
0.10 hz und lasiing for t 10 cyclas. A highly
dmmped, low-frequancy “sloshing” mede with a period of
over 100 seconds also parsists during estad)ishment of
the flow and stretification. I[nternsi waves have not
normally been observed in laboratory experiments where
flows are driven natural cenvection beundary
Tayers, This {3 quite different from ou= experiments
wvhere large quantities of fluid are exchanged between
the gnrthny divided 10mes,

emporature histories show thet the time to es-
tablish equilibrium conditiont 1s 1n genera) sgreement
with that predicted by & formula from a simple orifice
node). The mode! asaumes that faterzenal fiow f¢

driven by only hydrostatic pressure differences
between the zones and fgnores internal wave formation
and entraimment.

We are currently modifying an existing simplified
mode) for {nterzonal heat and mass transport through a
doorway (Jones et al. 1985a) to include entrainment
but still ignoring the internal wave phenomena. The
principal elements in it are the core models which are
connected to each other thrcugh the simple doorway
model described above. The cores entrain all flow
through the doorways in addition to fluid flows ori-
ginating possibly from boundary layers and thermal
plumes at core boundari:s of different temperatures.
The model has undergone preliminary validation (Jones
and Balcomb, 1985b). Although there are no noteworthy
results to report yet from this new phase, preliminary
indications are that sucn simple models are quite
capable of accurately predicting transient and quasi-
steady aperture flows and s.ratification temperature
gradients 'n the cores.
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